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Dominant-Negative c-Jun Promotes Neuronal
Survival by Reducing BIM Expression and
Inhibiting Mitochondrial Cytochrome c Release
stroke (Stefanis et al., 1997; Pettmann and Henderson,
1998; Yuan and Yankner, 2000). The death of developing
sympathetic neurons following nerve growth factor
(NGF) deprivation has the classic morphological and
biochemical characteristics of apoptosis (Martin et al.,
Jonathan Whitfield,*§ Stephen J. Neame,*
Luc Paquet,† Ora Bernard,‡
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1988; Deckwerth and Johnson, 1993; Edwards and Tol-University College London
kovsky, 1994), and these cells have proved to be a usefulGower Street
model system for in vitro studies of neuronal apoptosisLondon WC1E 6BT
mechanisms.United Kingdom
In many mammalian cell types, apoptosis involves the†Center for Neuronal Survival
release of cytochrome c from the mitochondrial inter-Montreal Neurological Institute
membrane space into the cytosol, where it interacts with3801 University Avenue
apoptotic protease activating factor 1 (Apaf-1) to triggerMontreal, Quebec
ATP-dependent autocatalytic processing of the initiatorCanada H3A 2B4
caspase procaspase 9 (Li et al., 1997). Caspase 9 then‡The Walter and Eliza Hall Institute
activates caspase 3 and other effector caspases. In theof Medical Research
case of sympathetic neurons, microinjection of an anti-Post Office
cytochrome c antibody can protect the cells from apo-Royal Melbourne Hospital
ptosis induced by NGF withdrawal (Neame et al., 1998).Victoria 3050
However, injection of purified cytochrome c on its ownAustralia
does not induce apoptosis in the presence of NGF, and
sympathetic neurons need to become “competent to
die” in response to cytochrome c injection, a processSummary
that occurs after NGF deprivation (Deshmukh and John-
son, 1998).Sympathetic neurons require nerve growth factor for
BCL-2 family proteins are important regulators of cy-survival and die by apoptosis in its absence. Key steps
tochrome c release (Gross et al., 1999). Proapoptoticin the death pathway include c-Jun activation, mito-
members of the family, such as BAX and BAK, whichchondrial cytochrome c release, and caspase activa-
share BH1, BH2, and BH3 domains with the antiapo-tion. Here, we show that neurons rescued from NGF
ptotic members BCL-2 and BCL-XL, cause the releasewithdrawal–induced apoptosis by expression of domi-
of cytochrome c from isolated mitochondria (Jurgens-
nant-negative c-Jun do not release cytochrome c from meier et al., 1998; Narita et al., 1998). A subset of family
their mitochondria. Furthermore, we find that the members, including BAD, BIM/BOD, DP5/HRK, and BID,
mRNA for BIMEL, a proapoptotic BCL-2 family member, only have homology to the BH3 domain of BCL-2. These
increases in level after NGF withdrawal and that this BH3-only proteins are proapoptotic and may act by di-
is reduced by dominant-negative c-Jun. Finally, over- merizing with and blocking the action of BCL-2 or
expression of BIMEL in neurons induces cytochrome c BCL-XL (Yang et al., 1995; Hsu et al., 1998; O’Connor et
redistribution and apoptosis in the presence of NGF, al., 1998) or by acting directly on proteins such as BAX in
and neurons injected with Bim antisense oligonucleo- the mitochondrial membrane (Wang et al., 1996). BCL-2
tides or isolated from Bim2/2 knockout mice die more and BCL-XL can block cytochrome c release (Liu et al.,
slowly after NGF withdrawal. 1996; Kluck et al., 1997; Yang et al., 1997), and both
proteins can inhibit the mitochondrial changes induced
Introduction by BAX and BAK in vitro (Jurgensmeier et al., 1998;
Narita et al., 1998). BAX is essential for the death of
sympathetic neurons induced by NGF withdrawal (Deck-Cell death by apoptosis plays a critical role during nor-
werth et al., 1996), and translocation of BAX from themal development and tissue homeostasis (Ellis et al.,
cytoplasm to the mitochondria precedes cytochrome c1991; Jacobson et al., 1997). In the nervous system,
release (Putcha et al., 1999). In sympathetic neurons,approximately half of the neurons formed by neurogen-
BAX translocation is dependent on an as yet undefinedesis die by apoptosis during embryonic and early post-
transcriptional event (Putcha et al., 1999).natal development (Oppenheim, 1991), and this death
NGF withdrawal–induced apoptosis in sympatheticis an important part of the process by which appropriate
neurons can be blocked by inhibitors of RNA and proteinconnections are made between neurons and their tar-
synthesis (Martin et al., 1988), suggesting that increasedgets. In addition, there is increasing evidence that neu-
transcription of specific genes may promote cell death.ronal apoptosis plays a role in neurodegeneration and
It has been shown that the levels of c-jun mRNA and
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et al., 1994; Ham et al., 1995). Furthermore, expression ofk Present address: Cancer Biology and Molecular Haematology Unit,
a c-Jun dominant-negative mutant or microinjection ofCamelia Botnar Laboratories, Institute of Child Health, 30 Guilford
Street, London WC1N 1EH, United Kingdom. anti-c-Jun antibodies promotes sympathetic neuron sur-
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vival in the absence of NGF (Estus et al., 1994; Ham et
al., 1995), whereas overexpression of c-Jun can kill the
neurons in the presence of NGF (Ham et al., 1995). c-Jun
has also been implicated in the death of other types of
neurons (Ham et al., 2000). For example, overexpression
of c-Jun induces apoptosis in cerebellar granule neurons,
and a c-Jun mutant that cannot be phosphorylated and
activated (c-Junala) prevents the death of granule neurons
following survival signal withdrawal (Watson et al., 1998).
Expression of c-Junala also protects hippocampal neu-
rons in vivo against apoptosis induced by injection of
the excitotoxin kainic acid (Behrens et al., 1999).
BCL-2 family proteins and caspases function down-
stream of c-Jun in the sympathetic neuron death path-
way. Overexpression of BCL-2 does not block the in-
crease in c-Jun protein level that occurs after NGF
withdrawal (Ham et al., 1995), while, in sympathetic neu-
rons cultured from Bax2/2 mice, NGF withdrawal leads
to an increase in c-jun mRNA and N-terminal phosphory-
lation of c-Jun protein, even though the neurons do not
die (Deckwerth et al., 1998). Similarly, BOC-aspartyl
(OMe)-fluoromethylketone (BAF), a caspase inhibitor,
prevents death induced by NGF withdrawal in sympa-
thetic neurons but does not prevent an increase in c-jun
mRNA (Deshmukh et al., 1996). It has not yet been deter-
mined how c-Jun functions in the death pathway in sym-
pathetic neurons or whether specific cell death genes
are the targets of c-Jun transactivation. Recent evi-
dence suggests that the Fas ligand gene, which has an
AP-1 site in its promoter (Faris et al., 1998; Kasibhatla
et al., 1998), is a target of c-Jun transactivation in differ-
entiated PC12 cells undergoing apoptosis induced by
NGF withdrawal (Le-Niculescu et al., 1999). Fas signaling
contributes to the death of differentiated PC12 cells,
cerebellar granule neurons, and motoneurons deprived
of survival factors (Le-Niculescu et al., 1999; Raoul et
al., 1999), but there is no evidence yet that this also
occurs in sympathetic neurons.
Here, we have used an adenoviral gene delivery sys-
tem to identify c-Jun-dependent events in sympathetic
neurons undergoing apoptosis. We show that dominant-
negative c-Jun prevents the release of cytochrome c
from mitochondria after NGF withdrawal. In addition,
we have found that Bim/BOD mRNA and BIMEL/BODL
protein levels increase after NGF withdrawal and that
this increase is reduced by expression of dominant-
negative c-Jun. Furthermore, overexpression of BIMEL
in microinjected sympathetic neurons is sufficient toFigure 1. Structure of Recombinant Adenovirus Expression Cas-
induce the release of cytochrome c and apoptosis insettes and Localization and Expression of the Recombinant Proteins
the presence of NGF, and neurons injected with Bimin Sympathetic Neurons
antisense oligonucleotides or isolated from Bim2/2(A) The coding sequences for FLAGD169, BCL-2, and MEKK1 were
inserted into an adenoviral vector under the control of the CMV knockout mice die more slowly after NGF withdrawal.
promoter. A b-galactosidase-expressing vector was obtained from These results suggest that, in sympathetic neurons, acti-
QBI and contains the same adenovirus serotype 5 backbone and vation of the JNK/c-Jun pathway and increased expres-
drives expression of the lacZ gene from the CMV promoter. sion of the BH3-only protein BIM are key events requiredFLAGD169 consists of amino acids 169–334 of c-Jun, which con-
tains the dimerization and DNA binding domains, with a FLAG epi-
tope tag. MEKK1 consists of the C-terminal kinase domain of
MEKK1, with a Myc epitope tag. Sympathetic neurons were cultured
for 5 days and then infected with each virus at an MOI of 100. After Hoechst dye. Typical immunofluorescence pictures are shown.
infection for 24 hr, the cells were refed with regular medium and (B) Neurons were infected as in (A) but using MOIs of 20, 100, or
were incubated for a further 24 hr, at which time they were fixed 500. The percentage of neurons expressing recombinant protein at
and stained with the appropriate monoclonal antibody (M2 for each MOI was scored. The average of three experiments is shown
FLAGD169 and 9E10 for Myc-epitope tagged MEKK1, anti-BCL-2, with the standard error of the mean (SEM). Approximately 200 neu-
or anti-b-gal). Nuclear morphology was visualized by staining with rons were counted for each viral infection.
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for cytochrome c release and apoptosis following NGF
withdrawal.
Results
Characterization of Recombinant Adenoviruses
Expressing Dominant-Negative c-Jun, MEKK1,
or BCL-2
To identify the c-Jun/AP-1-dependent step in the neu-
ronal cell death pathway and to screen for potential targets
of c-Jun transactivation that are required for neuronal apo-
ptosis, we constructed recombinant adenoviruses that ex-
press dominant-negative c-Jun (FLAGD169) or a constitu-
tively active form of MEK kinase 1 (MEKK1), an upstream
activator of the JNK/c-Jun pathway (Olson et al., 1995;
Eilers et al., 1998). As controls, BCL-2- and b-galactosi-
dase-expressing adenoviruses were also prepared. Ex-
pression of the recombinant proteins was driven by the
cytomegalovirus (CMV) promoter. To verify that the pro-
teins encoded by the adenoviruses were expressed in
infected sympathetic neurons, the cells were fixed 24
hr after infection and stained with antibodies specific for
each protein and with Hoechst dye to visualize nuclear
morphology. Figure 1A shows the structure of the re-
combinant proteins and typical immunofluorescence
pictures of neurons infected at a multiplicity of infection
(MOI) of 100. c-Jun is a nuclear protein, and FLAGD169
was located exclusively in the nucleus. BCL-2 was dis-
tributed throughout the cell but excluded from the nu-
clear space. MEKK1 and b-galactosidase were seen
throughout the cell. The graph in Figure 1B shows the
relationship between MOI and the percentage of cells
that visibly expressed each recombinant protein at 24
hr after infection. At an MOI of 20, less than 10% of the
neurons expressed recombinant protein in all cases.
At an MOI of 100, z40%–50% of the cells expressed
FLAGD169, BCL-2, or b-galactosidase. In contrast, ex-
pression of MEKK1 was restricted to fewer cells. We
previously noted this low level of MEKK1 expression in
microinjection experiments, when only about 50% of
the injected cells appeared to express MEKK1, even
when the expression plasmid was injected at very high
concentrations (Eilers et al., 1998). At an MOI of 500,
most of the neurons expressed recombinant protein,
except for cells infected with the MEKK1 virus, and the
staining was very bright. When neurons were infected
Figure 2. Effect of Recombinant Adenoviruses Expressing FLAGD169, at an MOI of 1000, most cells were very brightly stained,
1BCL-2, MEKK1, or b-galactosidase on NGF Withdrawal–Induced
but it was clear that the nuclei had a smaller volumeDeath or Survival in the Presence of NGF
(data not shown). This effect on nuclear morphology(A) Sympathetic neurons were maintained in vitro for 3–5 days and
was not seen at lower viral titers. In addition, at higherthen infected with recombinant adenoviruses containing expression
MOIs (for example, an MOI of 500), the b-galactosidasecassettes for FLAGD169, BCL-2 (a constitutively active form of
MEKK1), or b-galactosidase. Neurons were plated at a density of virus had nonspecific effects on cellular gene expression
5000 cells per coverslip. At 24 hr after adding the viruses, the cells after NGF withdrawal (data not shown); so an MOI of
were refed with regular medium and incubated for a further 24 hr. 100 was used for subsequent experiments.
Neurons were then withdrawn from NGF for 24 hr, at which time
We next investigated whether the dominant-negativethey were fixed and stained with the appropriate monoclonal anti-
c-Jun and BCL-2 adenoviruses could inhibit NGF with-body and with Hoechst dye to visualize nuclear morphology. The
drawal–induced death. Sympathetic neurons were in-number of infected neurons that had pyknotic nuclei was deter-
mined. Uninfected neurons were also counted for comparison. The fected overnight at an MOI of 100 and then were refed
data represent the average of five experiments with the SEM. with normal medium. After 24 hr, the infected cells were
(B) Sympathetic neurons were treated as above but were maintained withdrawn from NGF for a further 24 hr and then fixed.
in the presence of NGF. The number of infected neurons that had
Immunostaining with specific antibodies was performedpyknotic nuclei was determined. The data represent the average of
to identify expressing infected cells, and nuclear mor-four experiments with the SEM.
phology was visualized by staining with Hoechst dye.
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The number of infected neurons with pyknotic nuclei this end, sympathetic neurons were infected in vitro
with recombinant adenoviruses expressing dominant-was scored. Figure 2A shows the average result of six
negative c-Jun, b-galactosidase, or BCL-2 at an MOI ofexperiments. When the cells were infected with a
100. The cells were withdrawn from NGF for 24 hr andb-galactosidase-expressing adenovirus, z53% of the
then fixed and stained with a monoclonal antibodynuclei were pyknotic at 24 hr after NGF withdrawal. This
against cytochrome c plus polyclonal antibodies spe-is similar to the number of pyknotic nuclei seen in unin-
cific for the recombinant proteins and with Hoechst dyefected neurons (51%). The number of pyknotic nuclei
to visualize nuclear morphology. The number of cellswas slightly higher in MEKK1-expressing neurons (65%).
with normal or pyknotic nuclei and with a punctate (nor-On the other hand, significantly fewer of the neurons
mal) or diffuse (redistributed) cytochrome c staining pat-infected with either the BCL-2 or dominant-negative
tern was determined. The punctate cytochrome c stain-c-Jun adenoviruses had pyknotic nuclei (z20%). This
ing pattern is consistent with localization of cytochromeconfirms the results we previously obtained by microin-
c in the mitochondria, whereas the diffuse distributionjecting sympathetic neurons with expression vectors for
is observed when cytochrome c has been released intoFLAGD169 or BCL-2 (Ham et al., 1995).
the cytosol (Neame et al., 1998). Figure 3A shows someWe previously showed that microinjection of an
representative immunofluorescence pictures of the cy-MEKK1 expression vector into sympathetic neurons
tochrome c staining pattern and nuclear morphologycaused increased phosphorylation of c-Jun on serine
of neurons infected with either b-galactosidase or63 and induced cell death (Eilers et al., 1998). We investi-
FLAGD169 adenoviruses. White arrows indicate repre-gated whether the MEKK1 virus had similar effects (Fig-
sentative cells. In the presence of NGF, neurons ex-ure 2B). After infection, the neurons were maintained in
pressing b-galactosidase had normal (punctate) cyto-NGF-containing medium for 48 hr to allow sufficient time
chrome c staining excluded from the nuclear space andfor protein expression and then were fixed and stained
normal nuclei (Figure 3A, top). However, after NGF with-with antibodies against the recombinant proteins and
drawal, neurons expressing b-galactosidase that hadHoechst dye. The number of infected cells with pyknotic
diffuse cytochrome c and pyknotic nuclei appeared (Fig-nuclei was scored. Figure 2B shows the average result
ure 3A, middle). In contrast, in the absence of NGF,of four experiments. Between 10% and 20% of the nuclei
neurons expressing FLAGD169 frequently had normalwere pyknotic when the cells were infected with viruses
(punctate) cytochrome c staining excluded from the nu-expressing FLAGD169, BCL-2, or b-galactosidase. How-
clear space and normal nuclei (Figure 3A, bottom). Fig-ever, when neurons were infected with the MEKK1 virus,
ure 3B shows the average result from four experiments.60% of the infected cells had pyknotic nuclei.
In each infected population of cells, z5%–10% of the
neurons had diffuse cytochrome c staining but normal
Expression of Dominant-Negative c-Jun Inhibits nuclei. No cells with pyknotic nuclei and normal cyto-
the Release of Cytochrome c from Mitochondria chrome c distribution were detected. This has been ob-
after NGF Withdrawal served previously and supports the idea that redistribu-
To determine the mechanism by which c-Jun promotes tion is an event that occurs prior to the nuclear
cell death, we investigated whether dominant-negative morphological changes that occur during sympathetic
c-Jun could block the release of cytochrome c from neuron death (Neame et al., 1998). In the case of unin-
mitochondria, since cytochrome c release has been fected neurons, only 30% of the cells had normal nuclei
shown to be crucial for the NGF withdrawal–induced and normal cytochrome c staining at 24 hr after NGF
withdrawal. Similar results were obtained with thedeath of sympathetic neurons (Neame et al., 1998). To
Figure 3. Expression of FLAGD169 Prevents the Release of Cytochrome c from Mitochondria, whereas Expression of MEKK1 Induces Cyto-
chrome c Release and Apoptosis
(A) Analysis of cytochrome c distribution and nuclear morphology by immunohistochemistry. Sympathetic neurons were infected in vitro with
recombinant adenoviruses expressing b-galactosidase or the c-Jun dominant-negative mutant FLAGD169, at an MOI of 100. The cells were
maintained in NGF-containing medium or withdrawn from NGF for 24 hr and then fixed and stained with a cytochrome c antibody and also
with Hoechst dye to visualize the nuclei. In the case of cells infected with the b-galactosidase adenovirus and maintained in the presence of
NGF (top), the white arrow indicates a neuron overexpressing b-galactosidase that has a normal cytochrome c distribution and a normal
nucleus. After NGF withdrawal, b-galactosidase-expressing cells with a diffuse cytochrome c staining pattern and pyknotic nuclei appeared.
A typical example is indicated by an arrow in the middle three panels. In the case of the dominant-negative c-Jun adenovirus (FLAGD169),
the white arrow indicates an infected neuron overexpressing FLAGD169 that has a punctate (normal) cytochrome c staining pattern and
morphologically normal nucleus in the absence of NGF (bottom).
(B) Sympathetic neurons were infected in vitro with recombinant adenoviruses expressing b-galactosidase, BCL-2, or the c-Jun dominant-
negative mutant FLAGD169 at an MOI of 100. The cells were withdrawn from NGF for 24 hr and then were fixed and stained with a cytochrome
c antibody and with Hoechst dye to visualize the nuclei. The number of cells with normal or pyknotic nuclei and with normal or diffuse
(redistributed) cytochrome c was scored. The data shown represent the average of four experiments with the SEM. Expression of FLAGD169
or b-galactosidase significantly increases the number of neurons with punctate (normal) cytochrome c staining and normal nuclei in the
absence of NGF. The asterisks indicate statistically significant differences (p , 0.01) when compared to the corresponding b-galactosidase
values by Student’s t test.
(C) Sympathetic neurons were infected in vitro for 24 hr with recombinant adenoviruses expressing either Myc epitope–tagged MEKK1 or
b-galactosidase at an MOI of 100. The cells were maintained in NGF for a further 3 days, at which time they were fixed and stained with a
cytochrome c antibody and also with anti-Myc or anti-b-galactosidase antibodies to identify infected cells. Hoechst dye was used to visualize
nuclear morphology. The number of infected cells with normal or pyknotic nuclei or with a normal (punctate) or redistributed (diffuse) cytochrome
c staining pattern was scored. The data show the average result from two experiments with the SEM.
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b-galactosidase virus, indicating that adenoviral infec-
tion had no unpredicted effects on cytochrome c re-
lease. Crucially, expression of FLAGD169 or BCL-2 sig-
nificantly increased the number of neurons with normal
nuclei (i.e., prevented cell death) and also increased the
number of neurons with normal cytochrome c staining
(i.e., inhibited cytochrome c release as well) (the p value
was ,0.01 for both BCL-2 and FLAGD169). There was
no increase in the number of cells with normal nuclei
and redistributed cytochrome c (Figure 3B, black bars),
which would have occurred if nuclear pyknosis was
inhibited downstream of cytochrome c release. Such
an effect is seen with the caspase inhibitor benzyl-
oxycarbonyl-Val-Ala-Asp (O-methyl) fluoromethylket-
one (ZVADfmk), which blocks sympathetic neuron death
after cytochrome c release (Neame et al., 1998).
To determine whether activation of the JNK/c-Jun
pathway was sufficient in itself to cause a redistribution
of cytochrome c as well as causing cell death, we in-
fected sympathetic neurons with recombinant adenovi-
ruses expressing the MEKK1 kinase domain or, as a
control, b-galactosidase. After infection, the cells were
maintained in medium containing NGF for 3 days and
then were fixed and stained with a cytochrome c anti-
body, antibodies specific for the recombinant proteins,
and Hoechst dye. The number of infected cells with
normal or pyknotic nuclei and with normal or diffuse
cytochrome c was scored (Figure 3C). Approximately
86% of the neurons expressing MEKK1 had diffuse cyto-
chrome c staining and 64% had pyknotic nuclei. In con-
trast, over 80% of the cells expressing b-galactosidase
had normal cytochrome c staining and only 9% had
pyknotic nuclei. Clearly, activation of the JNK/c-Jun sig-
naling pathway by MEKK1 induces the release of cyto-
chrome c from mitochondria and also triggers cell death.
Figure 4. BAX, BAK, BAD, and BID Expression Is Not Induced afterTherefore, coupled with the fact that dominant-negative
NGF Withdrawal in Sympathetic Neurons, whereas BIM Levels In-c-Jun protects sympathetic neurons by preventing the crease Significantly
relocalization of cytochrome c, this suggests that the
Sympathetic neurons were infected with an adenovirus expressing
JNK/c-Jun pathway acts prior to the release of cyto- b-galactosidase and maintained in NGF-containing medium or de-
chrome c during neuronal cell death. prived of NGF. After 24 hr, protein extracts were made and z15 mg
of each was run on a 12% SDS polyacrylamide gel and transferred
to Hybond ECL nitrocellulose. Immunoblotting was performed usingThe Proapoptotic BCL-2 Family Member BIM
antibodies specific for BAX, BAK, BAD, BID, or BIM. Blots wereIs Upregulated in Sympathetic Neurons after
stripped and reprobed with anti-BCL-XL for comparison. Each immu-NGF Withdrawal, whereas BAX, BAK, BAD, noblot was repeated three times, and typical results are shown. The
and BID Levels Remain Constant level of BCL-XL remained more or less constant for 24 hr after NGF
c-Jun could promote neuronal cell death by activating withdrawal. This was also the case for all of the other proapoptotic
BCL-2-family members examined, except BIM, which increased inthe transcription of genes that directly stimulate the
level significantly.release of mitochondrial cytochrome c. We therefore
examined the pattern of expression of proapoptotic
members of the BCL-2 family, since these proteins have
been implicated in the control of cytochrome c redistri- constant for 24 hr after NGF withdrawal (Aloyz et al.,
1998). In addition, immunoblots carried out with an anti-bution. To carry out these experiments, sympathetic
neurons were cultured for 5 days and then infected with neuron-specific enolase (NSE) antibody showed that,
when equal amounts of protein were loaded, bothan adenovirus expressing b-galactosidase to control for
any effect of adenovirus infection on cellular gene ex- BCL-XL and NSE remained constant for up to 24 hr (data
not shown). Immunoblots for each protein were performedpression. After infection for 48 hr, the cells were with-
drawn from NGF. Protein extracts were made either 16 with three different sets of cell extracts prepared from
independent experiments, and Figure 4 shows someor 24 hr later, and equal amounts of protein were run
on 12% SDS polyacrylamide gels. Immunoblotting using typical ECL images. No consistent change in the level
BAX, BAK, BAD, and BID was noted, and we did notantibodies specific for BAX, BAK, BAD, BID, or BIM was
performed. For comparison, each blot was stripped and observe cleavage of BID after NGF withdrawal. Cleavage
of BID by caspase 8 occurs in certain types of cellsincubated with an anti-BCL-XL antibody. The level of
BCL-XL has previously been shown to remain relatively following activation of the Fas death receptor (Li et al.,
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1998; Luo et al., 1998). In addition, expression of domi- experiments, RNA was isolated from the whole cell pop-
nant-negative c-Jun did not reduce the level of BAX, ulation, but, at the MOI used (100), only 50% of the
BAK, BAD or BID, indicating that c-Jun/AP-1 activity infected cells express detectable FLAGD169 protein
is not required for the expression of these proteins in (Figure 1B). It is therefore possible that, in the infected
sympathetic neurons (data not shown). However, there subpopulation of neurons expressing high levels of
was a large increase in the level of BIM protein after FLAGD169, the reduction in the level of Bim RNA would
NGF withdrawal, suggesting that the Bim gene could be greater than that observed when RNA is isolated
be transcriptionally upregulated after NGF deprivation. from the whole cell population. In immunoblotting exper-
The protein detected by the BIM/BOD antibody migrated iments, we also observed that expression of dominant-
between the 21 and 30 kDa molecular weight standards. negative c-Jun reduced BIM protein levels in NGF-
Three BIM isoforms generated by alternative splicing deprived neurons (Figure 5D). These results suggest that
have been previously described (Hsu et al., 1998; O’Con- c-Jun/AP-1 activity is required for the increase in Bim
nor et al., 1998). The form detected in sympathetic neu- mRNA and protein levels that occurs after NGF depri-
ron extracts corresponded in size to the largest isoform vation.
BIMEL (BODL).
To study the kinetics of the increase in BIM protein BIM Promotes Mitochondrial Cytochrome c
level, a time course experiment was carried out in which Release and Apoptosis in Neurons
BIM levels were measured at different times after NGF Our results suggest that upregulation of the Bim mRNA
withdrawal for up to 24 hr. Figure 5A shows a typical following NGF withdrawal is dependent on signaling
immunoblot, which has been quantified and the ratio of through the JNK/c-Jun pathway. However, the function
BIM to BCL-XL calculated. The BIM protein increased of BIMEL in sympathetic neurons is unknown. To investi-
in level significantly, peaking at z16 hr after NGF with- gate this question, we constructed a CMV expression
drawal. It is interesting to note that the increase in BIM vector for FLAG epitope–tagged BIMEL. The full-length
level starts before the time point at which only 50% of BIMEL coding region was cloned from a mixture of rat
the neurons can be rescued by addition of actinomycin brain and thymus cDNA by PCR and inserted into
D/cycloheximide (16 hr) and before the cell death com- pcDNA1, with the FLAG epitope at the N terminus. To
mitment point (22 hr) for rat sympathetic neurons (Martin determine whether overexpression of BIMEL could pro-
et al., 1988; Deckwerth and Johnson, 1993). To deter- mote cytochrome c release and neuronal death, microin-
mine whether the increase in the amount of BIM protein jection experiments were carried out with the BIMEL ex-was due to an increase in the level of Bim mRNA, we pression vector. Sympathetic neurons cultured for 7
isolated total RNA at several time points after NGF with- days in the presence of NGF were injected either with the
drawal and performed reverse transcription PCR (RT– BIMEL expression plasmid at 0.2 mg/ml or with vectorsPCR) using Bim-specific primers. This experiment was encoding BCL-XL or BAX or the empty vector pcDNA1,performed three times, and Figure 5B shows a represen- together with guinea pig IgG as an injection marker.
tative gel. The average results for the three experiments Neurons were fixed and stained 24 hr later with antibod-
are shown beneath the gel. On average, there is a 4-fold
ies specific for cytochrome c and guinea pig IgG (to
increase in the level of Bim mRNA, which starts between
identify the injected cells). The cells were also stained
4 and 8 hr and is maximal at 16 hr after NGF withdrawal.
with Hoechst dye to visualize nuclear morphology. The
This contrasts with the change in a general neuronal
BAX and BCL-XL vectors served as controls, since wemarker, such as Neurofilament-M (NF-M), which slowly
previously demonstrated that overexpression of BAXdeclines over the course of 24 hr, as previously reported
but not BCL-XL induces apoptosis in sympathetic neu-(Estus et al., 1994). Thus, the increase in BIM protein
rons (Vekrellis et al., 1997) and BAX is known to belevel is due at least in part to an increase in the level of
required for NGF withdrawal–induced death (DeckwerthBim mRNA.
et al., 1996). All of the neurons injected with pCDFLAG-To determine whether upregulation of Bim mRNA re-
BIM expressed the recombinant protein (detected withquires AP-1 activity, neurons were infected with adeno-
an anti-FLAG antibody; data not shown). The number ofviruses expressing FLAGD169 or b-galactosidase and
neurons with a punctate or diffuse cytochrome c stainingthen were maintained in NGF-containing medium or
pattern and normal or pyknotic nuclei was scored. Fig-withdrawn from NGF. After 16 hr, RNA was isolated,
ure 6A shows the average result for five experiments.and RT–PCR experiments were performed using primers
Overexpression of BIMEL caused a significant increasespecific for Bim or NF-M. Five independent experiments
in the percentage of cells with a diffuse cytochrome cwere carried out, and the gels were scanned on a densi-
staining pattern, as well as an increase in the percentagetometer to determine the relative levels of Bim and NF-M
of cells with pyknotic nuclei, compared to BCL-XL or theunder the different conditions tested (Figure 5C). NGF
empty vector. BAX overexpression had a similar effect.withdrawal led to a significant increase in Bim mRNA
At the time point shown in Figure 6A, a significant per-level in cells infected with the adenovirus expressing
centage of the cells overexpressing BIM or BAX hadb-galactosidase, as found in uninfected cells. The in-
normal nuclei and diffuse cytochrome c. However, atcrease in the level of Bim RNA following NGF withdrawal
later time points, cells with pyknotic nuclei and diffusewas partially but significantly reduced (p , 0.01) in cells
cytochrome c predominated. These results suggest thatinfected with the FLAGD169 adenovirus (Figure 5C). In
BIMEL can promote apoptosis in neurons and does socontrast, NF-M mRNA levels did not increase after NGF
by inducing cytochrome c release.withdrawal, and, while it appeared that there was some
To determine whether the endogenous BIM protein isdecrease, this decrease was not significant (p . 0.2 in
five experiments). It is important to note that, in these required for NGF withdrawal–induced death, we de-
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Figure 5. Bim mRNA and Protein Levels Increase in Sympathetic Neurons following NGF Withdrawal, and This Is Inhibited by Dominant-
Negative c-Jun
Sympathetic neurons were withdrawn from NGF, and mRNA or protein was isolated at several time points over the course of 24 hr.
(A) Approximately 15 mg of each cell extract was run on a 12% SDS polyacrylamide gel, blotted, and probed with an anti-BIM/BOD antibody.
The membrane was then stripped and reprobed with anti-BCL-XL. BIM protein increases in level after NGF withdrawal, reaching a maximum
level at around 16 hr. A typical immunoblot is shown. The blots were scanned on a densitometer to quantitate the levels of BIM and BCL-XL,
and the ratio of BIM to BCL-XL at each time point was calculated.
(B) RT–PCR was performed using Bim-specific primers. As a control, Neurofilament-M (NF-M) primers were used. The PCR products were
run on 2.5% agarose gels and visualized by ethidium bromide staining. A typical PCR result is shown. Bim mRNA increases after NGF
withdrawal, whereas Neurofilament-M is mostly constant but declines slightly at 24 hr. The experiment was repeated three times, and the
intensity of the bands was determined using a Kodak imaging system. The average values are shown beneath the RT–PCR gels. The values
and their SEM were NF-M: 1.0, 0.85 6 0.07, 0.98 6 0.16, 0.89 6 0.05, and 0.57 6 0.29; and Bim: 1.0, 1.54 6 0.52, 2.77 6 0.70, 3.92 6 1.78,
and 3.82 6 1.44. Bim mRNA levels increase z4-fold, with the maximum level being reached by 16 hr.
(C) Sympathetic neurons were infected with adenoviruses expressing either FLAGD169 or b-galactosidase. After NGF withdrawal for 16 hr,
mRNA was isolated, reverse transcribed, and PCR performed using Bim or Neurofilament-M primers. The PCR products were run on 2.5%
agarose gels and visualized by ethidium bromide staining. This experiment was performed five times, and the intensity of the bands was
determined using a Kodak imaging system. The average result is shown with the SEM. The asterisks indicate that the increase in Bim mRNA
that occurs after NGF withdrawal was significantly inhibited by the expression of FLAGD169 (double asterisks, p , 0.01 by Student’s t test).
(D) Sympathetic neurons were infected with adenoviruses expressing either FLAGD169 or b-galactosidase. After NGF withdrawal for 24 hr,
protein extracts were prepared and z15 mg of each was run on a 12% SDS polyacrylamide gel, blotted, and probed with an anti-BIM/BOD
antibody. The membrane was then stripped and reprobed with anti-BCL-XL. The blots were scanned on a densitometer to quantitate the
levels of BIM and BCL-XL, and the ratio of BIM to BCL-XL was calculated.
signed antisense oligonucleotides that would hybridize oligonucleotides (AS2 and AS3) were mixed, and the
corresponding missense oligonucleotides (MS2 andto nucleotides 239 to 218 (the 59 untranslated region)
and 28 to 113 (the translation initiation site) in the Bim MS3), which had the same base composition as AS2
and AS3 but scrambled sequences, were also mixed andmRNA and block BIM expression. The two antisense
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Figure 6. BIMEL Promotes Cytochrome c Release and Apoptosis in Neurons
(A) The full-length BIMEL coding region was cloned by PCR as described in Experimental Procedures and inserted into the CMV expression
vector pcDNA1, with an N-terminal FLAG epitope tag. Sympathetic neurons were cultured for 7 days and then injected either with the BIMEL
expression plasmid at 0.2 mg/ml or with vectors encoding BAX (pCDBAX) or BCL-XL (pCDBCL-XL) or the empty vector pcDNA1, together with
guinea pig IgG as an injection marker. After 24 hr, the neurons were fixed and stained with antibodies specific for cytochrome c and guinea
pig IgG (to identify the injected cells). The cells were also stained with Hoechst dye to visualize nuclear morphology. The number of neurons
with a diffuse cytochrome c staining pattern and pyknotic nuclei was scored. The average result from five experiments with the SEM is shown.
(B) Sympathetic neurons were microinjected with a mixture of two different Bim antisense oligonucleotides (AS2 and AS3, complementary to
nucleotides 239 to 218 and 28 to 113 in the rat Bim mRNA, respectively) or a mixture of the two missense oligonucleotides (MS2 and MS3),
together with Texas red dextran as a marker. After injection, the cells were deprived of NGF and the injected (Texas red–containing) cells
were counted. The percentage of viable neurons injected with antisense (Bim AS) or missense (MS) oligonucleotides that remained was
determined 48 hr later. Four independent experiments were performed, and the average result is shown with the SEM. The double asterisks
indicate a statistically significant difference (p , 0.01) when the value for antisense Bim is compared to the missense value by Student’s t
test.
(C) Sensory neurons were isolated from the dorsal root ganglia of 1-day-old wild-type (wt) or Bim2/2 knockout mice and cultured in medium
containing NGF at 50 ng/ml (1NGF) or anti-NGF antibody at 500 ng/ml (2NGF). The number of viable neurons 1–2 hr after plating (time 0)
was set as 100%. After 24 and 48 hr, the percentage of viable neurons that remained was determined. The average with the SEM is shown.
microinjected into the nuclei of sympathetic neurons, at cells were recounted 48 hr later, and the percentage of
viable, morphologically normal neurons that remaineda concentration of 0.03 mg/ml, together with Texas red
dextran as a marker. Immediately after NGF withdrawal, was determined. The average of four experiments is
shown in Figure 6B. At 48 hr after NGF withdrawal, 44%the number of injected neurons was determined. The
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of the neurons injected with the Bim antisense oligonu- In the presence of NGF, adenoviral-mediated expres-
sion of activated MEKK1 induced the redistribution ofcleotides were viable, whereas only 17% of the neurons
cytochrome c into the cytosol. Thus, stimulation of theinjected with the missense sequences were viable. This
JNK/c-Jun pathway by MEKK1, which is known to killresult suggests that the endogenous BIM protein is re-
sympathetic neurons in the presence of NGF (Eilers etquired for apoptosis following NGF deprivation.
al., 1998; Figure 2B), also causes the release of cyto-In Bim2/2 knockout mice, effects on lymphoid and
chrome c (Figure 3C). It is worth noting that this con-myeloid tissues have been reported (Bouillet et al.,
trasts with simply injecting cytochrome c into the cyto-1999), and cells show reduced apoptosis in response
sol, which does not kill these neurons (Deshmukh andto a variety of stimuli, resembling cells from Bcl-2 trans-
Johnson, 1998; Neame et al., 1998). In the latter case, itgenic mice. We therefore investigated whether there
could be that the competence-to-die mechanism (Desh-might also be alterations in neuronal apoptosis in Bim2/2
mukh and Johnson, 1998) prevents death, even thoughmice and found that this was indeed the case. For exam-
cytochrome c is present in the cytosol. Overexpressionple, when NGF-dependent sensory neurons were iso-
of MEKK1 overcomes this mechanism, suggesting thatlated from 1-day-old Bim2/2 mice and cultured in vitro,
competence to die may be controlled by an event down-they were more resistant to NGF withdrawal–induced
stream of MEKK1. One possibility is that MEKK1 inducesdeath than wild-type neurons (Figure 6C). At 48 hr after
the release of additional proapoptotic factors from theNGF withdrawal, 37% of the Bim2/2 neurons were viable,
mitochondria, such as Smac/DIABLO, which has beencompared to only 9.5% of the wild-type neurons. Similar
shown to antagonize the IAP family of caspase inhibitorresults have been obtained with sympathetic neurons
proteins (Du et al., 2000; Verhagen et al., 2000). It hasisolated from Bim2/2 mice (E. Johnson, personal commu-
been postulated that neuronal IAP proteins may inhibitnication). In conclusion, these results support the micro-
procaspase 9 and form part of the competence-to-dieinjection data and suggest that the endogenous BIM
mechanism that prevents cytochrome c from activatingprotein functions in the death pathway activated by NGF
the apoptosome complex when sympathetic neuronswithdrawal in primary neurons.
are cultured in the presence of NGF (Wiese et al., 1999).
Our results indicate that c-Jun funtions upstream ofDiscussion
cytochrome c release in the death pathway in neurons.
It has been reported that the UV-induced death of mouseWe have investigated the mechanism by which domi-
embryo fibroblasts and UV-induced mitochondrial cyto-nant-negative c-Jun promotes the survival of sympa-
chrome c release are blocked in fibroblasts isolated fromthetic neurons after NGF withdrawal. The c-Jun domi-
Jnk12/2Jnk22/2 mouse embryos, suggesting that JNK ac-nant-negative mutant that we used (FLAGD169) lacks
tivity is required for cytochrome c release in this modelthe transcriptional activation domain but can still dimer-
(Tournier et al., 2000). However, the mechanism appearsize and bind to AP-1 sites (Ham et al., 1995). This type
to be different to that described here for sympatheticof mutant represses the transcription of genes that con-
neurons deprived of NGF in that the UV-induced deathtain c-Jun/AP-1 binding sites but does not repress pro-
is transcription independent, and JNK-dependent cleav-
moters that lack AP-1 sites (Lloyd et al., 1991). We pre-
age of BID is observed. In contrast, the NGF withdrawal–
viously confirmed this in sympathetic neurons by
induced death of sympathetic neurons is transcription
studying the effect of FLAGD169 on the expression of
dependent, requires c-Jun/AP-1 activity, does not in-
the endogenous c-jun and jun B genes (Eilers et al., volve BID cleavage, and BIM is induced. These results
1998). In the present study, adenoviruses expressing suggest that the JNK pathway can promote cytochrome
either FLAGD169 or BCL-2 protected neurons from apo- c release by both transcriptional and posttranslational
ptosis, in agreement with previously published work in mechanisms, depending on cell type and the specific
which expression vectors were microinjected into sym- stimulus inducing death. Other transcription factors that
pathetic neurons (Garcia et al., 1992; Ham et al., 1995). promote apoptosis have recently been shown to induce
In the presence of NGF, expression of activated MEKK1 mitochondrial cytochrome c release. For example,
was able to induce apoptosis, whereas BCL-2, c-Myc-induced sensitization to apoptosis in fibroblasts
FLAGD169, and b-galactosidase expression did not in- is mediated by cytochrome c redistribution to the cyto-
crease the number of pyknotic nuclei compared to unin- sol (Juin et al., 1999). Also, p53-induced apoptosis pro-
fected controls. To investigate how c-Jun might act in ceeds via cytochrome c release and subsequent activa-
the death pathway, we looked at the effect of FLAGD169 tion of caspases in Saos-2 cells (Schuler et al., 2000).
on the redistribution of mitochondrial cytochrome c to In this case, as in other reports of p53-mediated cell
the cytosol, which occurs after NGF withdrawal and is death, BAX may be an important downstream target
critical for the death of these neurons (Neame et al., (Aloyz et al., 1998; Schuler et al., 2000).
1998). Expression of either FLAGD169 or BCL-2 pre- Although the Fas ligand promoter can be activated
vented the release of cytochrome c after NGF depriva- by the JNK/c-Jun pathway, and the Fas ligand mRNA
tion, whereas expression of b-galactosidase or MEKK1 increases in level in differentiated PC12 cells or cerebel-
did not. If FLAGD169 had not prevented the release of lar granule neurons deprived of survival signals (Le-Nic-
cytochrome c but had blocked cell death as expected, ulescu et al., 1999), we have not observed any increase
we would have seen an increase in neurons with diffuse in Fas ligand RNA or protein levels when sympathetic
cytochrome c but that lacked the nuclear changes typi- neurons are deprived of NGF (J. W. and C. Spadoni,
cal of apoptosis. This is seen when neurons are treated unpublished data). We therefore investigated whether
with the caspase inhibitor ZVADfmk, which acts down- the expression of other cell death genes is regulated by
c-Jun/AP-1. Members of the BCL-2 family have beenstream of cytochrome c release (Neame et al., 1998).
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shown to regulate the release of mitochondrial cyto-
chrome c (Jurgensmeier et al., 1998; Li et al., 1998; Luo
et al., 1998; Narita et al., 1998; Desagher et al., 1999).
To determine whether any of the proapoptotic members
of the BCL-2 family are targets of c-Jun that promote
the release of cytochrome c in neurons, we performed
immunoblotting experiments to look at BAX, BAK, BAD,
and BID. No increase in the level of these proteins was
observed after NGF deprivation. BID is activated by
cleavage (Li et al., 1998; Luo et al., 1998), but, in the
case of NGF-deprived sympathetic neurons, no loss of
full-length BID or appearance of cleavage products was
detected, suggesting that BID cleavage may not be in-
volved in apoptosis in these cells. Studies with bax2/2
mice and overexpression of BAX in microinjection ex-
periments has shown that BAX plays a critical role during
apoptosis in sympathetic neurons (Deckwerth et al.,
1996; Vekrellis et al., 1997). As previously reported by
Greenlund et al. (1995), we found that BAX expression
is not regulated by NGF withdrawal in sympathetic neu-
rons. BAX appears to promote cytochrome c release in
sympathetic neurons by translocating from the cytosol
to the mitochondrial membrane in a transcription-
dependent manner (Putcha et al., 1999). Figure 7. Hypothetical Model Showing How c-Jun, BIM, and Cyto-
chrome c Are Connected in the Cell Death Pathway in NeuronsOne member of the BCL-2 family that did increase in
When sympathetic neurons are deprived of NGF, increased levelslevel after NGF withdrawal was BIMEL. Expression of this
of c-Jun protein, increased c-Jun N-terminal phosphorylation, in-protein increased within 8 hr and was maximal at z16
duction of Bim mRNA and protein, and mitochondrial cytochromehr. In addition, we detected an increase in Bim mRNA
c release occur. Dominant-negative c-Jun partially reduces the in-within 8 hr. c-Jun N-terminal phosphorylation starts to
duction of BIM, prevents cytochrome c release, and blocks cell
increase at 4–8 hr after NGF deprivation (Ham et al., death. Furthermore, stimulation of the JNK pathway by MEKK1 in-
1995), and, thus, one would expect an increase in target creases c-Jun phosphorylation, causes cytochrome c efflux, and
gene mRNA soon after this time. Also, it is worth noting leads to cell death. Thus, we suggest that during neuronal cell death
c-Jun may cooperate with a second JNK/c-Jun-independent path-that the time points at which maximal levels of the Bim
way to increase the expression of BIM, which then causes cyto-mRNA and protein were observed coincided with the
chrome c release from mitochondria. BIM may trigger the releasetime point at which only 50% of the cells can be rescued
of cytochrome c by binding to BCL-2/BCL-XL and preventing theseby addition of actinomycin D/cycloheximide (16 hr) and proteins from antagonizing BAX-induced cytochrome c efflux. Since
preceded the cell death commitment point (22 hr) (Martin neurons injected with Bim antisense oligonucleotides or neurons
et al., 1988; Deckwerth and Johnson, 1993). When neu- isolated from Bim2/2 knockout mice are not completely protected
against NGF withdrawal–induced death, it is possible that there arerons were infected with the adenovirus expressing
other c-Jun target genes that promote cytochrome c release inFLAGD169, the increase in the level of Bim mRNA follow-
neurons.ing NGF withdrawal was reduced by z50%, indicating
that AP-1 activity is required for the induction of Bim
mRNA and protein. However, although only 50% of the
drawal–induced death. A hypothetical model is showninfected neurons express detectable dominant-negative
in Figure 7. Activation of the JNK/c-Jun pathway by NGFc-Jun protein at the MOI used in these experiments, we
withdrawal or MEKK1 increases the level of phosphory-cannot exclude the possibility that there are more cells
lated c-Jun, leading to an increase in AP-1 transcrip-expressing the protein at lower levels not detected by
tional activity. This may cooperate with a second JNK/immunostaining. If this was true, then an alternative ex-
c-Jun-independent pathway to stimulate Bim mRNA ex-planation for our results would be that c-Jun cooperates
pression, and we would hypothesize that upregulationwith a second JNK/c-Jun-independent pathway, which
of BIM causes increased formation of BIM/BCL-2 (oris also activated by NGF withdrawal, to achieve the
BIM/BCL-XL) heterodimers, which enables BAX to formmaximum level of BIM induction. We have shown that
homodimers and oligomers in the mitochondrial outerBIMEL is able to stimulate cytochrome c release in the
membrane. This would cause cytochrome c release,presence of NGF, since microinjection of a BIMEL expres-
leading to the formation of the apoptosome and caspasesion vector causes rapid loss of mitochondrial cyto-
activation. Since neurons injected with Bim antisensechrome c and leads to apoptosis. In addition, neurons
oligonucleotides or neurons isolated from Bim2/2 knock-injected with Bim antisense oligonucleotides die more
out mice are not completely protected against NGF with-slowly after NGF withdrawal than neurons injected with
drawal–induced death, it is possible that there are otherthe corresponding missense oligonucleotides. Finally,
c-Jun target genes that promote cytochrome c releaseboth sensory neurons (this study) and sympathetic neu-
in neurons.rons (E. Johnson, personal communication) isolated
The regulation of Bim mRNA and protein levels infrom 1-day-old Bim2/2 knockout mice die more slowly
sympathetic neurons contrasts with a previous reportafter NGF withdrawal than wild-type neurons, sug-
gesting that expression of BIM is required for NGF with- that BIM activity is regulated by binding to the LC8
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the top of each gradient, and the tubes were spun at 100,000 3 gprotein in the dynein motor complex (Puthalakath et
in a swinging bucket (SW40) rotor for 90 min with minimal decelera-al., 1999). It will be interesting to determine whether
tion. A milky blue band containing infectious viral particles wasinhibition by sequestration to the motor complex also oc-
harvested and the solution desalted through a Sephadex G25 col-
curs in sympathetic neurons. Future work will be directed umn (Amersham Pharmacia Biotech).
toward investigating whether the Bim gene is a direct Viral titer was determined by plaque assay after 21 days (Graham
and Prevec, 1991) and also by a cytopathic effect assay (CPE) ontarget of c-Jun transactivation and also into looking at the
293 cells (Precious and Russell, 1985; Kanegae et al., 1994). For thegenerality of this mechanism of cell death, since c-Jun
CPE assay, 100 ml of DMEM/2% FCS (DMEM supplemented withhas been implicated in apoptosis in other types of neu-
2% FCS, 2 mM glutamine, and penicillin/streptomycin) containingrons, such as cerebellar granule neurons (Watson et al.,
1 3 105 293 cells/ml was added to each well of a 96-well plate. Four
1998) and hippocampal neurons (Schlingensiepen et al., hours later, 10-fold serial dilutions (from 1025 to 10212) of virus were
1994; Behrens et al., 1999), and also in the death of added in 100 ml of DMEM/2% FCS to eight rows (ten wells each) of
a 96-well plate. Ten days later, wells showing cytopathic effect wereNIH3T3 fibroblasts (Bossy-Wetzel et al., 1997).
scored by phase contrast microscopy, and the 50% tissue cultureIn conclusion, our results suggest that dominant-neg-
infectious dose (TCID50) was calculated. The average TCID50/ml wasative c-Jun prevents neuronal apoptosis by inhibiting
approximately equal to the number of plaque-forming units/ml.the mitochondrial release of cytochrome c. Furthermore,
Neurons were cultured for 4–5 days and then infected with the
BIM is implicated as one target of c-Jun that mediates required number of plaque-forming units per cell (termed MOI) by
this release. refeeding with a minimal volume of SCG medium containing recom-
binant adenoviruses. The neurons were refed after 24 hr with virus-
free SCG medium and then incubated for a further 24 hr, at whichExperimental Procedures
time the neurons were refed with SCG medium or were withdrawn
from NGF.Cell Culture
Sympathetic neurons from the superior cervical ganglia (SCG) of
Preparation of Protein Extracts and Immunoblotting1-day-old Sprague Dawley rats (Biological Services Unit, University
Total protein extracts were prepared as described previously (HamCollege London) were isolated and cultured as described previously
et al., 1995), except that harvested sympathetic neurons were resus-(Ham et al., 1995; Eilers et al., 1998) but with the following modifica-
pended in 20 ml of lysis buffer (2% SDS, 20% glycerol, 0.1 M Tris-tions. The ganglia were dissociated by incubation in 0.025% trypsin
HCl [pH 6.8]) containing a cocktail of protease inhibitors (1 mM phenyl-and then 0.2% collagenase, followed by trituration through the tip
methylsulfonyl fluoride [PMSF], 2 mg/ml aprotinin, 1 mg/ml pepstatin,of a Gilson P1000. Cells were plated on 13 mm diameter glass
and 5 mg/ml leupeptin) and were incubated at 908C for 20 min withcoverslips coated with poly-L-lysine and laminin at a density of 5000
occasional pipetting. Proteins were separated on 12% SDS polyacryl-cells per coverslip in a volume of 50 ml and then were cultured for
amide gels and electrophoretically transferred to Hybond ECL nitro-5–7 days prior to microinjection or for 4–5 days before adenoviral
cellulose using a Bio-Rad miniprotean II transfer cell. To detectinfection. Fresh medium was added after 1, 2, 4, and 6 days in
immobilized proteins, membranes were blocked overnight at 48C inculture.
blocking solution (10 mM Tris-HCl [pH 8.0], 150 mM NaCl, and 0.05%NGF-dependent sensory neurons were isolated from the dorsal
Tween 20 [TBS-T] containing 5% nonfat milk powder). Membranesroot ganglia of 1-day-old wild-type or Bim2/2 knockout mice (Bouillet
were either incubated for 1 hr at room temperature or overnight atet al., 1999) and cultured as described in Farlie et al. (1995).
48C with the primary antibody diluted in blocking solution (betweenHEK 293A cells (Quantum Biotechnologies Inc., Quebec, Canada)
1:100 and 1:1000). After washing, membranes were treated withwere maintained in DMEM containing 10% FCS, 2 mM glutamine,
horseradish peroxidase–conjugated secondary antibodies and thenand penicillin-streptomycin and were routinely passaged before
with ECL reagent (Amersham Pharmacia Biotech). For reprobing,reaching 70% confluency. The cells were cultured in 75 cm2 Falcon
membranes were stripped for 30 min at 508C in 100 mM b-mercapto-flasks or in 175 cm2 flasks for amplification of adenoviral stocks.
ethanol, 2% w/v SDS, and 62.5 mM Tris-HCl (pH 6.8).
Construction of Recombinant Adenoviruses
AntibodiesThe following replication-defective recombinant adenoviruses were con-
The following antibodies were used for immunoblotting: rabbit poly-structed: FLAG epitope–tagged dominant-negative c-Jun (FLAGD169),
clonal anti-BAD, goat polyclonal anti-BID, horseradish peroxidase–BCL-2, and Myc epitope–tagged MEKK1 (C terminus). Initially, the
conjugated anti-goat antibody (all from Santa Cruz), rabbit poly-cDNAs were inserted into the multiple cloning site of the shuttle
clonal anti-BIM/BOD (Chemicon), mouse monoclonal anti-BCL-XLvector pAd-CMVpolyA (see below), using standard molecular biol-
(Transduction Laboratories), rabbit polyclonal anti-BAK (Upstateogy techniques (Sambrook et al., 1989). pAd-CMVpolyA contains an
Biotechnology), horseradish peroxidase-conjugated anti-mouse,expression cassette consisting of the CMV enhancer and promoter
and anti-rabbit antibodies (Amersham Pharmacia Biotech). Affinity-upstream of the insert and the SV40 polyadenylation and splice
purified rabbit polyclonal anti-BAX antibody was kindly provided bysignals downstream. Each shuttle vector was linearized with ClaI,
Dr. K. Vekrellis (Vekrellis et al., 1997).and cotransfected into 293 cells by standard calcium phosphate
The following antibodies were used for immunohistochemistry:coprecipitation techniques, along with adenoviral genomic DNA di-
rabbit polyclonal anti-b-galactosidase (5 Prime-3 Prime, Inc.), M2gested to remove the E1 and E3 regions (obtained from Quantum
mouse monoclonal anti-FLAG epitope antibody (Sigma), mouseBiotechnologies Inc.). Plaques were isolated and screened by immu-
monoclonal anti-Myc epitope tag (clone 9E10) (Boehringer Mann-nofluorescence to detect recombinant proteins after 20 days (Gra-
heim), mouse monoclonal anti-human BCL-2 (Dako), mouse mono-ham and Prevec, 1991). As a control for these viruses, we used
clonal anti-cytochrome c (clone 6H2.B4) (PharMingen), mouseAdeno-LacZ (Quantum Biotechnologies Inc.), which is a recombi-
monoclonal anti-b-galactosidase (Promega), rabbit polyclonal anti-nant adenovirus that contains the same serotype 5 backbone as that
Myc epitope tag (Upstate Biotechnology), rabbit polyclonal anti-used for the viruses described above and expresses Escherichia
FLAG octapeptide (Zymed), TRITC-conjugated donkey anti-guineacoli b-galactosidase under the control of the CMV promoter. Pure
pig IgG, FITC- and TRITC-conjugated goat anti-mouse, and anti-plaques of this virus were isolated and amplified by standard tech-
rabbit IgG (Jackson Immunoresearch Laboratories).niques (Graham and Prevec, 1991).
Plaque-purifed adenoviruses were amplified in 293 cells, and the
viral solution was then purified by centrifugation on a discontinuous Immunohistochemistry
Neurons were fixed in 3% paraformaldehyde at room temperatureCsCl gradient. In brief, the gradient was made by pouring CsCl 1.2
(1.59 M CsCl in 10 mM Tris-Cl [pH 7.9]) slowly onto CsCl 1.4 (3.15 for 15 min (or 20 min for cytochrome c detection) and then treated
as previously described (Ham et al., 1995; Eilers et al., 1998). CellsM CsCl in 10 mM Tris-Cl [pH 7.9]) in cellulose nitrate tubes with a
ratio of 8:6 CsCl 1.4:1.2. Up to 3 ml of viral solution was added to were incubated with primary antibody for 1 hr at room temperature
Role of c-Jun and BIM in Neuronal Cell Death
641
or overnight at 48C. Experiments were scored, whenever possible, concentration of 0.03 mg/ml in 0.53 PBS, together with 70,000
molecular weight Texas red dextran at 5 mg/ml as a marker. Afterin a blinded manner.
injection, the neurons were deprived of NGF, and the number of
injected (Texas red positive) cells was determined by examining theRT–PCR
cells on a Zeiss Axiovert S100 inverted fluorescence microscope.Total mRNA was isolated from sympathetic neurons using a Qiagen
After 48 hr of NGF withdrawal, the number of morphologically normalRNeasy kit. One-third of the mRNA was reverse transcribed with
injected cells that remained was determined. Each pair of oligonu-a First Strand Synthesis kit (Life Technologies) according to the
cleotides was injected into 200 neurons, and each microinjectionmanufacturer’s instructions. The 20 ml reaction contained 0.5 mM
experiment was performed four times. Both injection and countingdNTPs, 10 mM DTT, 0.5 mg of oligo dT, 3 mg of random primers,
of the neurons was performed in a blinded manner.and 1 ml of Superscript II reverse transcriptase in 13 first strand
buffer. After 60 min at 428C, the reaction was terminated by heating
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